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ABSTRACT: [Ru(Cp)(PPh2NBn2)(MeCN)]PF6 (1; PPh2NBn2 = 1,5-benzyl-3,7-phenyl-1,5-diaza-3,7-diphosphacyclooctane) and 
[Ru(Cp)(dppp)(MeCN)]PF6 (2; dppp = 1,3-bis(diphenylphosphino)propane) are both active toward the acceptorless dehydrogena-
tion of benzylamine (BnNH2) and N-heterocycles. The two catalysts have similar activity, but different selectivity for dehydrogena-
tion products. Independent synthesis of a [Ru(Cp)(PPh2N
Bn
2)(NH2Bn)]PF6 adduct (3) reveals the presence of a hydrogen bond be-
tween the bound amine and the pendent base of the PPh2N
Bn
2 ligand. Preliminary mechanistic studies reveal the benzylamine adduct 
is not an on-cycle catalyst intermediate.  
INTRODUCTION 
Acceptorless dehydrogenation (AD) and acceptorless dehy-
drogenative coupling (ADC) have recently emerged as atom 
economic routes to versatile functionalities such as aldehydes, 
esters, carboxylic acids, amides, imines and amines.1 General-
ly, these reactions involve dehydrogenation of an alcohol moi-
ety, typically followed by nucleophilic attack by another alco-
hol or amine molecule. Relatively few catalysts have been 
reported for amine dehydrogenation,2 but the reaction repre-
sents a low-waste synthesis of imines that is an alternative to 
common oxidative strategies.3 Additionally, release of chemi-
cally stored H2 from amines to give nitriles is desirable for 
alternative fuel applications.4 One of the more successful sys-
tems for acceptorless dehydrogenation is the pincer catalysts 
developed by Milstein.1b, 5 This system operates through a 
cooperative6 H2 removal mechanism that involves proton 
transfer to the ligand and hydride transfer to the metal.7 The 




diphosphacyclooctane) ligand family. Similar to dehydrogena-
tion, electrocatalytic H2 formation (and the reverse H2 oxida-
tion) is promoted with a number of Ni, Fe and Ru complexes, 
where the pendent amine of the PR2N
R'
2 ligand acts as an in-
tramolecular base to shuttle protons to/from the metal. Herein, 
we evaluate the catalytic performance toward amine dehydro-
genation and preliminary mechanistic details of the known9 
[Ru(Cp)(PPh2N
Bn
2)(MeCN)]PF6 (1) complex (Scheme 1).  
Scheme 1 Dehydrogenation of benzylamine with 1. 
 
RESULTS AND DISCUSSION 
Benzylamine (BnNH2) was chosen as the benchmark sub-
strate that has three possible dehydrogenation products A-C 
(Scheme 1).  Imine A is formed following dehydrogenation of 
BnNH2 and coupling with a second substrate molecule (also 
called transamination), nitrile B is formed through two succes-
sive dehydrogenations, and dibenzylamine C forms through 
hydrogenation of imine A (termed hydrogen borrowing10). 
Catalysis with 1 (3 mol%) was evaluated at 110 ˚C in a variety 
of solvents (Table 1). Insolubility of 1 limited performance in 
toluene, a common solvent for other2a-d AD catalysts (Entry 1). 
Polar solvents DMF and DMA give improved solubility and 
consumption of BnNH2, but AD products are not observed 
and a control reaction without 1 likewise results in the con-
sumption of BnNH2. The dominant reactivity is ascribed to a 
competitive, uncatalyzed, coupling with the solvent (Entries 2-
3). Other high-boiling polar solvents affords improved product 
formation (Entries 4-6) with the sustainable11 solvent anisole 
giving the best performance. A conversion of 75% is achieved 
after 2 days and nearly complete consumption of BnNH2 is 
reached after 4 days. This performance is similar to known 
catalysts2a-c that reach maximum conversion with similar cata-
lyst loadings (1-5 mol%) and shorter times (ca. 24 h), but at 
higher temperatures (115-150 ˚C). The products generated 
with 1 are imine A and nitrile B in a ca. 3:1 ratio, which is 
distinct from most reported catalysts that commonly10, 12 form 
hydrogen borrowing product C, though catalysts for selective 
production of A or B are known.2a-c, 2i Release of the generated 
H2 under a flow of N2 does not lead to improved conversion or 
product selectivity. Treatment of 1 with amine C gives poor 
conversion suggesting secondary amines are challenging sub-
strates (Entry 8). Addition of mercury does not negatively 
impact catalyst activity (Entry 9), supporting the homogeneity 
of the dehydrogenation catalyst.  
The non-cooperative complex [Ru(Cp)(dppp)(MeCN)]PF6, 
2 is also catalytically active toward dehydrogenation of 
BnNH2 (Entry 10; dppp = 1,3-
 
bis(diphenylphosphino)propane). Despite the absence of an 
internal base in the ligand backbone, 2 shows very good con-
version (91%) under the optimized conditions. Again the ma-
jor product is imine A, but both nitrile B and secondary amine 
C are observed as minor products. Thus an internal base is not 
required, suggesting that in the case of 2 the substrate acts as a 
suitable intermolecular base. Indeed, addition of NEt3 as an 
exogenous base for catalyst 2 had no impact on the perfor-
mance (Entry 11).  
Table 1 – Catalytic optimization for the acceptorless 
dehydrogenation of benzylamine.[a] 









1 1 Toluene 7 6 0 0 
2 1 DMF 99 2 0 0 
3 1 DMA 71 19 17 1 




64 44 3 0 
6 1 Anisole 76 54 20 3 
7[d] 1 Anisole 95 69 18 8 
8[e] 1 Anisole 18 1 0 – 
9[f] 1 Anisole 94 34 50 0 
10 2 Anisole 91 65 18 10 
11[g] 2 Anisole 87 52 18 10 
[a] Conditions: 250 mM BnNH2, 3 mol% [Ru], 110 ˚C, 48 h, in 
a sealed vial. Quantification was conducted by calibrated GC-FID 
using an internal standard and values are an average of two runs 
and errors are <±5%. [b] DMF = dimethylformamide; DMA = 
dimethylacetamide; THFA = tetrahydrofurfuryl alcohol. [c] 
Amount of BnNH2 consumed. [d] 96 h. [e] Substrate is C. [f] 100 
μL of elemental mercury was added. [g] 15 mol% NEt3.  
To further probe the scope and distinction between the 
PPh2N
Bn
2 (1) and dppp (2) catalysts, AD of benzylamine was 
conducted in the presence of para-substituted anilines, R-
ArNH2, to give coupled products D  (Scheme 2). In all cases, 
the major product with 1 or 2 after 24 h is the homo-coupled 
product A (Figure 1 and S.I.). At this time in all cases, >75% 
consumption of BnNH2 is observed and the amount of hetero-
coupled product D is <10%. Formation of D at longer reaction 
times (vide infra) likely proceeds following nucleophilic at-
tack of the aniline on A, rather than on the primary imine 
(PhHC=NH) generated after AD of BnNH2. A comparison of 
product yields at 48 h reveals distinct selectivity for the two 
catalysts 1 and 2 (Table 2). With the MeO-ArNH2 substrate, 
catalyst 1 gives the aniline coupled ADC product D as the 
major species with minor amounts of A and nitrile B (Figure 
1a; Table 2, Entry 1). Comparison to reaction of 1 with 
BnNH2 alone (Table 1, Entry 6) shows a similar distribution 
of dehydrogenation products B and C. The role of the aniline 
is predominantly as a nucleophile to convert the homocoupled 
product A to heterocoupled product D. In contrast, catalyst 2 
gives only ca. 10% of D (Figure 1b; Table 2, Entry 2). While 
the aniline shows minimal participation as a nucleophile, it 
dramatically alters the product distribution as compared to 
ADC with BnNH2 alone (Table 1, Entry 10). The Bronsted 
basicity of MeO-ArNH2 diverts the selectivity of 2 from ADC 
product A to hydrogen borrowing product C.  
Scheme 2 Acceptorless dehydrogenative coupling of ben-
zylamine with anilines catalyzed by 1 or 2. 
 
        
Figure 2. Conversion curves for the ADC of BnNH2 (black) with 
MeO-ArNH2 under the optimized conditions with catalyst a) 1; 
and b) 2. Yields, determined by calibrated GC-FID analysis, of 
reaction products A (red), B (green), C (purple) and D (blue) are 
plotted. Data points represent the average of the two runs and the 
error bars give the span of the conversion values of each data set. 
With the less nucleophilic aniline H-ArNH2 an unselective 
mixture of products is observed for both catalysts 1 and 2 (Ta-
ble 2, Entries 3-4). Notably, the dppp catalyst 2 gives only 
minor amounts of hydrogen borrowing product C, but the ani-
line coupling product D is generated as a major product (along 
with nitrile B). This increase in D despite the lower nucleo-
philicity of the aniline relative to MeO-ArNH2 is attributed to 
the lower Bronsted basicity of H-ArNH2. The PPh2N
Bn
2 cata-
lyst 1 mediates ADC in the presence of BnNH2 and H-ArNH2 
to give A as the dominant product. This difference in selectivi-
ty relative to the reaction with MeO-ArNH2 is expected based 
on the lower nucleophilicity of H-ArNH2, which decreases the 
yield of D. While proton shuttling by the aniline cannot be 
excluded for catalyst 1, it should be noted that the participa-
tion of an external base does not necessarily preclude a coop-
erative mechanism for the PPh2N
Bn
2 catalyst. Extensive mecha-
nistic studies of [Ni(PR2N
R'
2)2]
2+ electrocatalysts reveals that a 
pKa matched external base dramatically improves catalyst 
performance by shuttling protons to the correctly positioned 
pendent amine.13 ADC with NO2-ArNH2 does not give any of 
the heterocoupled product D with either catalyst 1 or 2 (Table 
2, Entries 5-6). The electron-withdrawing nitro moiety de-
creases the nucleophilicity of the aniline sufficiently to inhibit 
coupling. The PPh2N
Bn
2 catalyst gives A and B in a higher 
yield, but similar ratio (ca. 2.3:1; Table 2 Entry 5) to that ob-
served without the aniline present (cf. 3:1; Table 1, Entry 6). 
Catalyst 2 also has similar conversion, but ca. 15% higher 
yield of the hydrogen borrowing product C is found (Table 2, 
 
Entry 6) relative to reaction without the aniline (Table 1, Entry 
10). Overall, the added aniline substrates alter the dehydro-
genation selectivity with both the PPh2N
Bn
2 (1) and dppp (2) 
catalysts. The Bronsted basicity of the aniline is a dominant 
indicator of selectivity for 2, while the nucleophilic character 
most important for 1. 
Table 2 – Catalytic acceptorless dehydrogenation of 
















1 98 15 24 0 53 
2 2 100 7 10 58 8 
3 
H 
1 98 42 38 0 19 
4 2 100 23 34 8 34 
5 
NO2 
1 98 73 32 0 0 
6 2 100 48 24 24 0 
[a] Conditions: 250 mM BnNH2, 250 mM R-ArNH2, 3 mol% 
[Ru], 110 ˚C, 48 h, in a sealed vial. Quantification was conducted 
by calibrated GC-FID using an internal standard and values are an 
average of two runs and errors are <±5%, conversion curves are 
included in the S.I. [b] R of aniline substrates R-ArNH2. 
Complexes 1 and 2 are also competent catalysts for the ac-
ceptorless dehydrogenation of 5- and 6-membered heterocy-
cles to give indole and quinoline products (Scheme 3, Table 
3). Both catalysts dehydrogenate ca. 90% indoline (Ind) under 
the optimized catalytic conditions (Entries 1-2), with a faster 
rate than observed for 1 (see S.I. for conversion curves). By 
comparison, hydride catalysts RuH2CO(PPh3)3, RuH2(PPh3)3 
and the Shvo catalyst each give >90% conversion of Ind to 
indole at a higher catalyst loading (5 mol%) and higher 
temperature (165˚C).2g Similar performance is also found for 
RuCl2(PPh3)3 at conditions (2 mol% and 110 ˚C) that are 
closer to those used for 1 and 2.14 These prior studies and the 
results presented here show little distinction in catalyst 
performance in the AD of Ind between established 
cooperative (i.e. 1 and the Shvo catalyts) and non-cooperative 
catalysts. However, the PPh2N
Bn
2 catalyst 1 outperforms dppp 
catalyst 2 in the dehydrogenation of Me-Ind to give 2-
methylindole (Table 3, Entries 3-4). This suggests 1 is more 
tolerant of steric bulk at the site of dehydrogenation than 2. 
Both catalysts show poor performance in the AD of the 6-
membered heterocycle 1,2,3,4-tetrahydroquinoline (THQ; 
Entries 5-6).  
Scheme 3 Acceptorless dehydrogenation of N-
heterocycles[a] by 1 or 2. 
 
[a] Indoline (Ind), R = H, n = 0; 2-methylindoline (Me-Ind), R 
= Me, n = 0; 1,2,3,4-tetrahydroquinoline (THQ), R = H, n = 1.  
The different overall activity and selectivity of PPh2N
Bn
2 
catalyst 1 and dppp catalyst 2 led us to question the role of the 
pendent amine of 1 in the dehydrogenation mechanism. 
Stoichiometric reactions of 1 were thus conducted to identify 
potential catalytic intermediates (Scheme 4). Treatment of 1 
with 5 equiv. benzylamine at 65 ˚C does not give catalytic 
turnover, but a new product is formed as judged by the ca. 10 
ppm upfield shift of the 31P{1H} NMR signal. In a larger-scale 
reaction, the product is isolated (85% yield) and is identified as 
amine-adduct 3 (Scheme 2a). Benzylamine coordination is 
supported by MALDI mass spectrometry that gives a signal 
with an isotope pattern and m/z value (757.2) that match to 
simulated values for [3–PF6+H]
+. The new methylene and aryl 
signals in the 1H NMR spectrum overlap with existing signals, 
but their presence is evident by a change in integration. The 
signal for the amine Ru-NH2Bn moiety is observed at 4.91 
ppm, which is ca. 1 ppm downfield as compared to other [Ru]-
NH2Bn complexes.
15 We hypothesize that the downfield shift 
may be due to a hydrogen-bonding interaction between the N-
H moiety of the benzylamine ligand and the pendent tertiary 
amine of the PPh2N
Bn
2 ligand. Identification of through space 
interactions from the N-H signal to the methylene of the 
PPh2N
Bn
2 benzyl moiety by 
1H-1H ROESY NMR analysis are 
inconclusive due to the overlap of the latter signal with the 
methylene of the benzylamine ligand. 
Table 3 – Performance of 1 and 2 toward acceptor-
less dehydrogenation of N-heterocycles.[a] 




1 Ind 1 94 
 
88 
2 Ind 2 91 91 
3 Me-Ind 1 93 
 
78 
4 Me-Ind 2 68 54 
5 THQ 1 20 
 
11 
6 THQ 2 27 24 
[a] Conditions: 250 mM Sub., 3 mol% [Ru], 110 ˚C, 48 h, in a 
sealed vial. Quantification was conducted by calibrated GC-FID 
using an internal standard and values are an average of two runs 
and errors are <±5%, conversion curves are included in the S.I. 
Compound 4, the pyrrolidine analogue of 3, was synthesized 
to evaluate the potential for hydrogen bonding between the 
metal-bound amine and the pendent amine of the PPh2N
Bn
2 lig-
and (Scheme 4a). At the lower temperature used for the syn-
thesis of 4 (65 ˚C) relative to catalysis (110 ˚C), no evidence 
of dehydrogenated pyrrolidine was observed. 1H-1H ROESY 
analysis of 4 reveals two notable correlations between one of 
the PPh2N
Bn
2 N-Bn substituents and the pyrrolidine ligand: 1) 
Hs to Hj; and 2) Hl to Hv (Figure 2a). These suggest that, in the 
solution-state, the pendent amine is positioned close to the 
bound pyrrolidine. By contrast, no correlation is found be-
tween the PPh2N
Bn
2 N-Bn methylene and the methyl protons of 
the acetonitrile ligand in 1. The location of the NH signal for 4 
(6.30 ppm) is shifted significantly downfield relative to related 
Ru(II)-amine complexes (ca. 3-4 ppm)15a, 16 and further sup-
ports the presence of a hydrogen-bond in solution.  
Single crystals of 4 were successfully obtained and the 
aforementioned intramolecular hydrogen-bonding interaction 
is evident from the solid-state structure (Figure 2b). The N1-
N3 distance of 2.953(7) Å is in the expected range for similar 
intramolecular N-N hydrogen-bonding distances (2.7 – 3.0 
Å).17 The proximal six-membered metallocycle of the PPh2N
Bn
2 





dine ligand. By comparison, the metallocyclic ring in all crys-
tallized Ru(Cp/Cp*)(PR2N
R'
2)(L) complexes is in a chair con-
formation with the pendent base pointed away from ligand L 
(X = MeCN, Cl, O2), unless the amine is protonated and hy-
drogen bonds to L (i.e. N-H…O2).
9, 18 
Scheme 4. Reactivity of: a) 1 with benzylamine or pyrroli-
dine; and b) 2 with pyrrolidine. 
 
Attempts to synthesize a pyrrolidine adduct with dppp com-
plex 2 also afforded a new product tentatively assigned as 5 in 
a 27% yield after 4 h as judged by 31P{1H} NMR spectroscopy 
(Scheme 4b). The product is unstable to isolation and it is ac-
companied by significant decomposition as is evidenced by 
formation of solids and a loss of 31P integration over time. 
This is further support that a hydrogen bond is a stabilizing 
force in amine adducts 3 and 4. 
 
Figure 2. a) Expanded section of the 1H-1H ROESY NMR spec-
trum of 4; and b) Thermal displacement plot of 4 (right) with 
ellipsoids at 50% probability. Phenyl groups on P1 and P2 and the 
PF6– anion were removed for clarity. 
The catalytic mechanism for 1 could follow one of three 
possible general paths: cooperative innersphere; non-
cooperative inner-sphere or cooperative outersphere (Scheme 
5). Amine coordination, to give the isolated compound 3, is 
the first step in either a cooperative or non-cooperative inner-
sphere pathway. The cooperative route would involve sub-
strate deprotonation by the pendent base and -H elimination 
from the bound amido. These steps would give a Ru-H that 
would be protonated by the pendent group to release H2. In 
such a route complex 3 would be an on-cycle catalytic species 
and a precursor to deprotonation. Thus it should have the 
same, or higher, activity toward amine dehydrogenation as 
compared to precatalyst 1 that must dissociate MeCN prior to 
entering the cycle. The non-cooperative route is similar, ex-
cept an exogenous base (i.e. a second equivalent of substrate) 
deprotonates the bound substrate and shuttles the proton back 
to the hydride. Finally, proton and hydride can be transferred 
to the catalyst through an outersphere route (either concerted 
or stepwise) without coordination of the amine nitrogen to the 
metal centre.  
Scheme 5. Possible pathways for the dehydrogenation of 
benzylamine with catalyst 1.[a] 
 
[a] [Ru] = [Ru(Cp)]PF6 
Catalytic testing of 3 under the optimized conditions re-
vealed that the amine adduct has significantly lower activity 
than 1, with only 28% imine formed over 48 h (Scheme 6; see 
S.I. for conversion curve). This suggests that the benzylamine 
adduct 3 is not an on-cycle intermediate and that dehydrogena-
tion does not proceed through an inner-sphere cooperative 
mechanism. Instead, 3 is an off-cycle species that enters the 
catalytic cycle by amine dissociation to follow a cooperative 
outersphere pathway or by cleavage of the hydrogen bond to 
follow a non-cooperative mechanism, which would be opera-
tive for the dppp catalyst 2. 
Scheme 6. Catalytic performance comparison of precata-
lysts 1 and benzylamine adduct 3 toward AD of benzyla-
mine. 




2)(NCMe)]PF6 (1) is an active 
acceptorless dehydrogenation catalyst toward benzylamine 
and it preferentially forms imine and nitrile products. The re-
lated complex [Ru(Cp)(dppp)(NCMe)]PF6 (2) shows competi-
tive activity, but selectivity favours the hydrogen borrowing 
product (Bn2NH). Both catalysts show similar activity, but 
different selectivity, toward AD of benzylamine and coupling 
with various anilines. They are both competitive catalysts for 
the dehydrogenation of 5-membered N-heterocycles. This 
comparison of the cooperative PPh2N
Bn
2 and non-cooperative 
dppp ligands reveals that product selectivity is the dominant 
 
difference between the catalysts. While the dppp catalyst must 
follow a non-cooperative pathway, the mode of action of the 
pendent amine in 2 is less obvious. Isolation and characteriza-
tion of Ru-benzylamine and Ru-pyrrolidine adducts (3 and 4, 
respectively) reveals that these species are stabilized by a hy-
drogen bond formed with the PPh2N
Bn
2 ligand. Poor catalytic 
performance of the benzylamine adduct 3 indicates that it is 
not a precursor to substrate deprotonation and is not an on-
cycle catalyst intermediate. This study excludes an inner-
sphere cooperative mechanism for 1, leaving an outer-sphere 
cooperative or non-cooperative mechanisms as possible 
routes. Since the aniline basicity in ADC reactions with 1 has 
minimal impact on the dehydrogenation selectivity (only the 
subsequent coupling), a non-cooperative (base assisted) route 
is less likely for the PPh2N
Bn
2 catalyst. Elucidation of the domi-
nant pathway in acceptorless dehydrogenation with 1 will be 
investigated in due course. 
 
EXPERIMENTAL SECTION 
General Considerations. All reactions were manipulated under N2 
using standard Schlenk or glovebox techniques unless otherwise stat-
ed. All glassware was oven dried prior to use. Benzylamine (>98%), 
triphenylphosphine oxide (99%), aniline (>99%) and 2,4,6-collidine 
(99%) were obtained from Alfa Aesar. Pyrrolidine (>99%) was ob-
tained from Fluka. NEt3 (99%) was obtained from Caledon Laborato-
ry Chemicals. Pyrene (98%), anisole (99%), dimethylacetamide 
(99%) and tetrahydrofurfuryl alcohol (THFA) (99%) were obtained 
from Sigma-Aldrich. p-Anisidine (99%) and p-nitroaniline (99%) 
were obtained from Oakwood Chemicals. Chloroform-d (99.8%) was 
obtained from Cambridge Isotope Laboratories. 
[Ru(Cp)(PPh2NBn2)(NCMe)]PF6, (1) and [Ru(Cp)(dppp)(NCMe)]PF6 
(2) were synthesized following literature procedures.9 Dry and de-
gassed tetrahydrofuran (THF), toluene, dichloromethane (DCM), 
hexanes, dimethylformamide (DMF), dioxane and acetonitrile 
(MeCN) were obtained from an Innovative Technology 400-5 Solvent 
Purification System and stored under N2. These dry and degassed 
solvents, except for MeCN, were stored over 4 Å molecular sieves 
(Fluka and activated at 150 ˚C for over 12 h). Triethylamine was dried 
with 4 Å molecular sieves and degassed by bubbing with N2. Chloro-
from-d was dried with 4 Å molecular sieves and degassed by bubbing 
with N2. Benzylamine was dried with NaOH, distilled under vacuum 
and stored under N2.  All other chemicals were used as obtained. 
Charge-transfer Matrix Assisted Laser Desorption/Ionization mass 
spectrometry (MALDI) data were collected on an AB Sciex 5800 
TOF/TOF mass spectrometer using pyrene as the matrix in a 20:1 
molar ratio to complex. Solutions were prepared in DCM and spotted 
on a sample plate under an inert atmosphere and transferred to the 
instrument in a sealed Ziplock® bag. The instrument is equipped with 
a 349 nm OptiBeam On-Axis laser. The laser pulse rate was 400 Hz 
and data were collected in reflectron positive mode. Reflectron mode 
was externally calibrated at 50 ppm mass tolerance. Each mass spec-
trum was collected as a sum of 500 shots. All NMR spectra were 
recorded on either an Inova 400 or 600 MHz, or Mercury 400 MHz 
instrument. 1H and 13C spectra acquired in CDCl3 were referenced 
internally against residual solvent signals (CHCl3) to TMS at 0 ppm. 
31P spectra were referenced externally to 85% phosphoric acid at 0.00 
ppm. Infrared spectra were collected on a PerkinElmer UATR TWO 
FTIR spectrometer. Elemental analysis was performed by Laboratoire 
d’Analyse Élémentaire de l’Université de Montréal. Quantification of 
catalytic reactivity was achieved using an Agilent 7890a gas chro-
matograph with a flame ionization detector (GC-FID). A HP-5 col-
umn was used. Benzylamine, phenyl-N-(phenylmethyl)-methanimine, 
dibenzylamine, and benzonitrile were calibrated relative to the inter-




[Ru(Cp)(PPh2NBn2)(NCMe)]PF6 (1) (101 mg, 0.121mmol, 1 equiv.) 
was added to a 100 mL Schlenk flask with a stir bar in the glovebox. 
Dry THF (10 mL) and BnNH2 (13 µL, 0.12 mmol, 1 equiv.) were 
added by micropipette and micro syringe, respectively. The Schlenk 
flask was fitted with a condenser was heated to reflux on the Schlenk 
line for 4 h. The solvent was removed under vacuum to afford a 
brown powder that was washed with Et2O. Yield: 98 mg (89%). 1H 
(600 MHz, CDCl3): δ 7.64-7.59 (m, Ph-H, 4H), 7.55-7.48 (m, Ph-H, 
6H), 7.36-7.28 (m, Ph-H, 6H), 7.25-7.17 (m, Ph-H, 3H), 7.14-7.09 
(m, Ph-H, 2H), 7.08-7.03 (m, Ph-H, 2H), 6.94-6.88 (m, Ph-H, 2H), 
4.91 (broad, BnNH2, 2H), 4.73 (s, Cp-H, 5H), 3.66-3.60 (m, NCH2P, 
NCH2Ph, RuNH2CH2Ph, 8H), 3.47 (s, NCH2Ph, 2H), 3.09 (m, 
NCH2P, 2H), 2.47 (m, NCH2P, 2H). 31P{1H} (243 MHz, CDCl3): δ 
29.2 (s, RuP), –144.3 (sept, 1JP-F = 715 Hz, PF6–). 13C{1H} (151.5 
MHz, CDCl3): δ 139.7 (Ph-C ring), 136.5 (Ph-C ring), 134.2 (Ph-C 
ring),  134.1 (Ph-C ring), 131.4 (Ph-C ring),  131.2 (Ph-C ring), 130.0 
(Ph-C ring), 129.6 (Ph-C ring),  129.1-128.5 (Ph-C ring),  128.4-127.9 
(Ph-C ring), 81.1 (s, Cp), 67.4 (s, NCH2Ph) and 64.7 (s, NCH2Ph), 
60.1 (s, NH2CH2Ph), 58.3 (s, NCH2P) and 55.2 (s, NCH2P). MALDI 
MS (pyrene matrix): Calc. m/z 757.2 [3 – PF6 + H]+, Obs. m/z 757.2. 
A crystalline sample was obtained following vapor diffusion of Et2O 
into a concentrated solution of 3 in acetone. Anal. Calc. for 
C42H46F6N3P3Ru: C, 56.00; H, 5.15; N, 4.66. Found: C, 56.47; H, 




[Ru(Cp)(PPh2NBn2)(NCMe)]PF6 (1) (150 mg, 0.180 mmol, 1 equiv.) 
was added to a 100 mL Schlenk flask with a stir bar. Dry THF (10 
mL) and pyrrolidine (60 μL, 0.90 mmol, 5 equiv.) were added by 
micropipette and micro syringe, respectively. The reaction was heated 
to reflux on the Schlenk line for 4 h. The solvent was removed under 
vacuum to afford a brown product that was washed with Et2O. Yield: 
142 mg (92%). Purity = 90% by NMR. Single crystals were formed 
following vapor diffusion of Et2O into a concentrated solution of 
product in acetone. Upon dissolving single crystals of 4 in THF or 
CDCl3, ca. 10% decomposition is observed by 1H and 31P NMR spec-
troscopy in 10–15 min, after which not further decomposition is ob-
served. 1H (600 MHz, CDCl3): δ 7.62 (m, Ha, 4H), 7.53-7.47 (m, Hb, 
Hc, 6H), 7.36-7.30 (m, Hm, Hn, Hr, Hq, 6H), 7.21 (m, Hl, 2H), 7.13 (m, 
Hp, 2H), 6.30 (broad, Hs, 1H), 4.72 (s, Cp-H, 5H), 3.76 (s, Hi, 2H), 
3.71 (m, N-CHg-P, 2H), 3.70 (s, Hj, 2H), 3.65 (m, N-CHe-P, 2H), 3.23 
(m, N-CHg-P, 2H), 2.88 (m, Ht, 2H), 2.63 (m, N-CHf -P, 2H), 2.58 (m, 
Hu, 2H), 1.76 (m, Hw, 2H), 1.51 (m, Hv, 2H). 31P{1H} (243 MHz, 
CDCl3): δ 29.3 (s, P-Ph), –144.3 (sept, 1JP-F = 713 Hz, PF6–). 13C{1H} 
(151.5 MHz, CDCl3): δ 136.8 (s, Co), 135.2 (s, Ck), 134.0 (dd, 1JC-P = 
19.9 Hz, 3JC-P = 19.9 Hz, Cd), 131.3 (m, Ca), 129.9 (s, Cc, Cl, Cp), 
126.6 (m, Cb), 129.1 (s, Cq), 129.0 (s, Cm), 128.5 (s, Cr), 128.1 (s, Cn), 
81.6 (s, Cp), 66.4 (s, Cj), 65.4 (s, Ci), 62.4 (s, Ct), 58.5 (dd 1JC-P = 26.3 
Hz, 3JC-P = 26.3 Hz, Ce), 55.8 (dd, 1JC-P = 17.7 Hz, 3JC-P = 17.7 Hz, 
Cg), 26.1 (s, Cw). MALDI MS (anthracene matrix): Calc. m/z 717.2 [4 
– PF6 – 3H]+, Obs. m/z 717.2. Anal. Calc. for C39H46F6N3P3Ru: C, 
54.17; H, 5.36; N, 4.86. Found for a crystalline sample: C, 54.61; H, 
5.43; N, 4.77.  
 




General Procedure for Catalytic Dehydrogenation Reactions of 
Benzylamine. In a glovebox, the following stock solutions were pre-
pared: Benzylamine (322 mg, 3.00 mmol, 1 M) and tetrahydronaph-
thalene (159 mg, 1.20 mmol, 400 mM) in anisole (3.00 mL); 1 (7.5 
mg, 0.011 mmol, 15 mM) in anisole (0.750 mL); 2 (14 mg, 0.019 
mmol, 15 mM) in anisole (1.250 mL). Four sets, A-D, of 2 vials (8 
vials total) containing stir bars were charged with the benzylamine 
stock solution (125 μL). To each of these vials the catalyst stock 1 
(250 μL to set A), and 2 (250 μL to set B and C) along with additional 
anisole solvent (125 µL for A-C, 375 μL for D) were added. Triethyl-
amine (1.1 μL, 0.76 mmol) was added to each vial in set C. The final 
concentrations for vials in sets A-D were 0.25 M in benzyl amine with 
3 mol% catalyst loading (A-C), and set D contained no catalyst. A 
final vial was charged with substrate/internal standard stock solution 
(100 μL) for use as the initial time = 0 (T0) sample for GC-FID analy-
sis. The vials (except T0 sample) were capped and removed from the 
glove box and heated to 110 ˚C with stirring. After 24 and 48 hours 
one vial from each of the sets was removed from heat, cooled, and 
exposed to air to quench. An aliquot (40 µL) was diluted to 10 mM 
benzylamine with MeCN (960 µL) and analyzed by GC-FID. A 20 µL 
aliquot of the T0 sample was diluted with solvent (980 µL) and ana-
lyzed by GC-FID. 
General Procedure for Catalytic Dehydrogenation Reactions of 
Benzylamine with Anilines. In a glovebox, the following stock solu-
tions were prepared: Benzylamine (322 mg, 3.00 mmol, 1 M) and 
tetrahydronaphthalene (159 mg, 1.20 mmol, 400 mM) in anisole (3.00 
mL); aniline (279 mg, 3 mmol, 1M) in anisole (3.00 mL); 1 (15 mg, 
0.22 mmol, 15 mM) in anisole (1.50 mL); 2 (17 mg, 0.022 mmol, 15 
mM) in anisole (1.500 mL). Benzylamine and aniline stock solutions 
were combined (500 mM). Two sets, A-B, of 3 vials (6 vials total) 
containing stir bars were charged with the benzylamine/aniline stock 
solution (250 μL). To each of these vials the catalyst stock 1 (250 μL 
to set A), and 2 (250 μL) to set B. The final concentrations for vials in 
sets A-B were 0.25 M in benzyl amine with 3 mol% catalyst loading 
(A-B). A final vial was charged with substrate/internal standard stock 
solution (100 μL) for use as the initial time = 0 (T0) sample for GC-
FID analysis. The vials (except T0 sample) were capped and removed 
from the glove box and heated to 110 ˚C with stirring. After 12, 24 
and 48 hours one vial from each of the sets was removed from heat, 
cooled, and exposed to air to quench. An aliquot (40 µL) was diluted 
to 10 mM benzylamine with MeCN (960 µL) and analyzed by GC-
FID. A 20 µL aliquot of the T0 sample was diluted with solvent (980 
µL) and analyzed by GC-FID. 
General Procedure for Catalytic Dehydrogenation Reactions of 
N-Heterocycles. In a glovebox, the following stock solutions were 
prepared: Indoline (357 mg, 3.00 mmol, 500 mM) and tetrahy-
dronaphthalene (80 mg, 0.60 mmol, 200 mM) in anisole (6.00 mL); 1 
(15 mg, 0.022 mmol, 15 mM) in anisole (1.500 mL); 2 (17 mg, 0.022 
mmol, 15 mM) in anisole (1.500 mL). Two sets, A-B, of 5 vials (10 
vials total) containing stir bars were charged with the indoline stock 
solution (250 μL). To each of these vials the catalyst stock 1 (250 μL 
to set A), and 2 (250 μL) to set B. The final concentrations for vials in 
sets A-B were 0.25 M in indoline with 3 mol% catalyst loading (A-
B). A final vial was charged with substrate/internal standard stock 
solution (100 μL) for use as the initial time = 0 (T0) sample for GC-
FID analysis. The vials (except T0 sample) were capped and removed 
from the glove box and heated to 110 ˚C with stirring. After 1, 4, 12, 
24 and 48 hours one vial from each of the sets was removed from 
heat, cooled, and exposed to air to quench. An aliquot (200 µL) was 
diluted to 50 mM indoline with MeCN (800 µL) and analyzed by GC-
FID. A 100 µL aliquot of the T0 sample was diluted with solvent (900 
µL) and analyzed by GC-FID. 
General Procedure for Stoichiometric Probe Reactions with 
[Ru(Cp)(dppp)(NCMe)]PF6 (2). Complex 2 (8 mg, 0.01 mmol, 1 
equiv.) and triphenylphosphine oxide (3 mg, 0.01 mmol, 1 equiv.) 
were added to a vial with a stir bar. THF (0.800 mL) was added by 
micropipette. The solution was transferred to a NMR tube and an 
initial (time = 0) 31P{1H} NMR spectrum was obtained. The tube 
contents were transferred back to the vial containing the stir bar and 
substrate (benzylamine or pyrrolidine) (0.5 mmol, 5 equiv.) was add-
ed. The vial was stirred and heated to 65 ˚C in an aluminum heating 
block for 4 h. The contents were transferred back into a clean NMR 
tube and a 31P{1H} NMR spectrum was obtained. If more time points 
were obtained, the process of heating in the vial and transfer to NMR 
tube were repeated for each subsequent time point.  
Attempted synthesis of [Ru(Cp)(dppp)(pyrrolidine)]PF6 (5). 
Complex 2 (77 mg, 0.1 mmol, 1 equiv.) was added to a 100 mL 
Schlenk flask with a stir bar and THF (8 mL) was added. To the 
Schlenk flask, pyrrolidine (36 mg, 0.5 mmol, 5 equiv.) was added. 
The Schlenk flask was stirred and heated to 65 ˚C for 45 h. The reac-
tion was monitored over time until all of complex 2 producing black 
particles. The solvent was removed under vacuum and the 31P{1H} 
NMR spectra were obtained in either proteo-THF or CDCl3 revealing 
full decomposition in both solvents. 
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